Radioanalitical techniques are singular spectroscopic techniques briefly or not at all presented in the analytical instrumentation courses. The use of active teaching techniques could contribute to amend this situation by motivating students to take these radiochemical courses where these active techniques are used. Therefore, the objective of this article is to present two strategies for radioanalytical techniques teaching. The first one, flipped classroom, introduces an article reading using a guide for teaching the radioanalytical techniques. The second strategy, case study, uses the determination of 40 K in bananas by its different emissions, for teaching the different aspects of the subject.
Introduction
Radioanalytical techniques are a set of singular and attractive spectroscopic techniques that are briefly or not at all presented as part of the courses about instrumental analysis for the most part of the chemistry degrees. It is only at a master level when, some universities include limited courses about radioanalytical techniques [1] [2] [3] .
The undermining of radioanalytical techniques could be explained by multiple reasons. Among them, the fact that when the topic of radioactivity appears in any situation it hides any other topics associated (RADIOanalytical techniques) could have singular importance. This dynamic has been ongoing for the last two to three decades in stance of the Chernobil accident, and leads to confine the knowledge about radioactivity among those professionals strictly associated to radioactivity institutions. Consequently, university professionals are in a loop of formation and teaching in which the knowledge of radioactivity and its transfer to the students is decreasing every year. To amend this situation, a solution could be to introduce radioanalytical techniques as part of the optical techniques in instrumental analysis, separating how the signals are produced from how they are detected, being liquid or plastic scintillation a good example [4] . What are the differences between molecular fluorescence spectroscopy, atomic emission spectroscopy and scintillation techniques when they are presented in a blocks diagram? Mainly, the excitation process and the block in which the analyte is located. With this approach many instrumental questions become familiar and the presentation of the class content may take profit of the previous knowledge of students. With this approach, radioactivity can be seen from an easy perspective that stimulates the interest for discovering this new field.
The analysis of natural radioactive materials as the banana may also help students to take the first steps in this topic.
The program of the Master on Analytical Chemistry of the University of Barcelona has included a specific course about this topic for the last 10 years. The course accounts for 2 ECTS and students follow face-to-face activities 2 h a week over a period of 3 months. Attendance ranges from 5 to 10 students and the course program includes fundamentals of radioactivity, instrumental techniques, Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1096 7-019-06784 -3) contains supplementary material, which is available to authorized users. 1 3 radioprotection fundamentals and practical aspects of radioactivity determination.
For the teaching of instrumental techniques and practical aspect parts, two active teaching strategies have been consistently used: flipped classroom and case study.
Flipped classroom, in the just in time strategy, is used to introduce instrumental techniques. As part of this active teaching technique, students need to search for the required information before class, using different materials, that can be as varied as books or generalistic websites. Some tasks such as tests or forms are used to force students to perform this initial task while guiding them through the reading of these materials. Then, in the face-to-face class, more complex tasks are performed, being the teacher's task to overcome the conceptual difficulties and to give guidance on when or how to apply the knowledge acquired. Thanks to that, the time of class is optimized and students acquire a more meaningful knowledge on the topic [5] .
Case study strategy, on the other hand, is applied to the practical resolution of a problem: 40 K determination in Bananas. While solving this case, students are introduced to a general overview about the different types of disintegration, fundamental disintegration laws together with basic aspects of radioactivity detection such as background, detection efficiency calibration, detection limit etc. Case study uses situations close to reality, which can be presented as a text, in a theoretical way, or as an experiment, in a more practical way. Those cases require from students to answer a general question. To find the answer, the students need to follow a decision making process, during which the students learn about the fundamentals of the topic. This strategy potentially improves the motivation and meaningfulness of the knowledge due to the use of real-life cases [6] .
The objective of this article is to describe these two active teaching strategies for the introduction of radioanalytical techniques knowledge to the bachelor and master's degree students of chemistry.
A complementary objective associated to the case study is the introduction of a simple set up for radioactivity determination by using a Geiger Muller counter.
Experimental

Flipped classroom
Literature for reading
The literature used for students' reading is chosen to embrace a broad range of different topics. The specific articles are selected from the more representative radioactivity analysis journals such as Journal of Radioanalitical and Nuclear Chemistry or Applied Radiation and Isotopes among others. These articles are selected every year to show the most recent applications [7] [8] [9] [10] [11] [12] . Due to the year to year variation, a specific list is not presented as part of this work. The main focus is to choose scientific work that explains key aspects about the detection technique, its general properties, the calibration procedure, interferences or matrix effects among others. These articles are divided into three blocks based on the type of radioactivity studied: beta emitters determination by liquid scintillation and/or proportional counters; alpha emitters determination by semiconductors and/or proportional counters and gamma emitters determination by semiconductor detectors. The chosen articles are distributed among groups of two students, each about the same radiation type but covering different fields of application, such as, environmental studies, nuclear industry, biomedicine or dating applications.
Reading guide form
In order to enhance the performance in class and as a guide for the reading, students are required to fill a form including: general information: title of the article and objective; sample information: sample preparation; detection information: technique, radiation detected, selectivity matrix effect, calibration procedure and results and quality parameters; application; and characteristics: advantages and disadvantages of the technique and to the case in which it is applied.
Course evaluation survey
The students evaluate the subject and the teacher with a form asking them about their satisfaction with the teaching activity, the way the course has been developed, its contents, the methodology, the learning materials, the class dynamic and the different activities in a range from 0 to 10. Also, the form contains open questions about: aspects that help in their learning and aspects that need to be improved for the development of this subject.
Case study
Banana samples
Banana samples were purchased in the local market. The samples used were the edible parts of bananas from Plátano de Canarias brand, with a minimum size of 16 cm, rejecting banana peels which were not considered relevant for the study.
Sample treatment
A representative sampling of bananas was treated for the later determinations of total K and 40 K.
Bananas were first crushed in a closed blender. The resulting replicates were heated in a sand bath at 200 °C and finally reduced to ashes at 500 °C, avoiding higher temperatures. The ash residue obtained was dissolved with 25 mL of a solution HCl:H 2 O 1:1/HNO 3 :H 2 O 1:1 with an extra addition of 5 mL of concentrated HNO 3 . Solutions were heated to ensure the full dissolution of ashes.
Total potassium determination by atomic emission spectrometry
Banana ashes solutions obtained in the last section were filtered with ashless 110-mm filter papers (Whatman, Buckinghamshire) and diluted (2.5 in 25 mL) in order to be in the calibration range of concentrations. A final sodium concentration of 1000 mg L −1 was added to the final solutions as ionization suppressor.
Calibration standards, ranging from 10 to 80 mg L −1 of potassium, were prepared from 1000 ppm potassium standard (Merck KGaA), adding to the matrix the same amount of HCl, HNO 3 and sodium present in the samples. Blank solution with the same matrix and without potassium standard was also prepared.
Measurements were performed using an atomic absorption/emission spectrometer (AES) AAnalyst 200 AA (by PerkinElmer) for total K determination at 766.5 nm.
Beta detection
For the 40 K determination by liquid scintillation counting (LSC), sample measuring vials were prepared with 6 mL of banana ashes solution, obtained in the sample treatment, and 14 mL of scintillation cocktail (Optiphase HiSafe 3 by PerkinElmer).
Standard calibration vials were prepared by adding increasing amounts of HNO 3 (0-1000 μL range), as quenching agent, to a 1 mL solution of 0.3 g mL −1 of KCl in double deionised water (4.4 Bq 40 K in the vial). Double deionised water was also added to reach the total 6 mL volume of the aqueous part and the 14 mL of scintillation cocktail, reaching a total volume of 20 mL.
Blank vials were prepared in the same conditions, with the same range of nitric acid but without the KCl.
The measurements were performed in a Quantulus liquid scintillation spectrometer (EG&G Wallac) with logarithmic amplification, a multichannel analyser (MCA) (4096 channels distributed in four segments of 1024), alpha/beta discrimination and background reduction by active guard.
A counting time of 5 cycles of 60 min was used for sample and blank solutions and 2 cycles of 60 min was used for standard solutions. The spectrum generated by the external standard source was obtained by measuring during 20 min for each period.
The Standard External Quenching Parameter (SQP(E)) was calculated automatically by the detector and corresponds to the end-point channel that limits 99.75% of the total counts from the spectrum generated by the external gamma source ( 152 Eu).
Gamma detection
For the gamma detection by high resolution gamma spectrometry (HRGS) and Geiger-Müller counter (GMC) measurements, a 500 mL recipient (geometry) was filled with crushed banana sample.
The detection efficiency of both techniques was calibrated with a 500 mL geometry containing crushed banana sample spiked with 30 g of KCl. The spiked geometry was prepared by adding consecutive layers of crushed banana and solid KCl to later homogenize the mixture by shaking.
Afterwards, both sample and spiked crushed bananas were reduced to ashes at 500 °C and placed in optimised geometries (around 20 mL).
Gamma emmissions of the both 500 mL and banana ashes geometries were measured in a high resolution gamma spectrometer with an intrinsic germanium detector (by Canberra).
A counting time of 3 days was used for crushed banana and banana ashes sample geometry HRGS measurements. A counting time of 1 day was used for crushed banana and banana ashes spiked with KCl geometry measurements.
GMC measurements
The same geometries were placed in the center of the GMC detection surface (LB 124, Berthold Technologies) and measured. Background measurements were performed with the same geometries but emptied.
A counting time of 4 h was used in all cases.
Data treatment
For each beta measurement the spectrum was treated using MATLAB software (MathWorks) and smoothed using a Savitzki-Golay algorithm [13] with an average window of 10 points for each side. The net spectrum was obtained by subtracting the spectrum of the equivalent blank solution.
The detection efficiency was calculated as the ratio between the counts detected and the total activity, in percentage, except in the HRGS measurements in which a 10.55% of the activity, corresponding to the gamma emission, was used in the calculations.
Results and discussion
Flipped classroom applied to the study of radioactivity detection techniques
The content of the Master's programme on Analytical Chemistry of the University of Barcelona continues from the basic knowledge on Analytical Chemistry acquired on the Chemistry degree. The duration of the programme is one year and it consists of 60 ECTS divided in 30 ECTS for theoretical courses and 30 ECTS for experimental work. The theoretical part courses include 4 mandatory (15 ECTS) and 9 optional courses (15 ECTS) . Radiochemistry is one of these optional courses (2 ECTS) and is chosen by around 5-10 students. It is not one of the main preferences of students, who normally prioritise topics related to chromatography or pharmaceutical and environmental applications. Nevertheless, the students who follow the course have expressed a clear interest in the course. Most of these students chose, as experimental work, a research topic related to radioanalytical chemistry that they develop along a half-year period in a radiochemistry group as part of the experimental 30 ECTS.
The radiochemistry course includes: fundamentals of radioactivity (radioactivity, disintegration law, sources of radioactivity and interaction between radiation and matter), as well as basics of radioprotection, which are taught using classical lectures and also detection and instrumental techniques, which are introduced by using the flipped classroom. It is worth mentioning that the use of case study methodology could be a good alternative option or reinforcement for the topics presented as lectures (see next section) whenever the duration of the course allows it.
The procedure used to introduce the instrumental techniques for radioactivity detection follows the classical sequence of the flipped classroom and it is based on the articles published in the different journals of the field. Thus, 1 week before the session, different published articles related with the same analytical technique are distributed among the students. They have to read them and answer a series of questions included in the reading guide form before the classroom activity. These questions are related to different aspects of the analytical procedure; the sample pre-treatment, measurement preparation procedure, matrix influence on the detection, calibration procedure and data treatment. These issues are later discussed, one by one, as part of the classroom activity. Each student points out the information included in the article and the problems and doubts arisen during the activity. All students contribute to answer the questions using the information about the same issue, included in their article. Thanks to this collaborative process, the concepts become clearer for all students with the advantage that students themselves build up the explanations through the answering of these questions, contributing to the autoregulation and to the development of the learning ability skill. In these sessions, the teacher's role is to clarify and summarize the most important aspects at the end of the session.
The first impression of the students about these readings is that the different scientific works presented are not so clearly related to each other. However, as the flipped classroom activity progresses, the common trends emerge clearly. Along the process, students realise the basic questions they have to make in order to assure the quality of a determination. Some examples of these questions are:
• Is the techniquespecific? Must I perform a sample pretreatment and separate the radionuclide of interest? • How should I calibrate the detection efficiency? How is it influenced by the energy, the matrix, the stability of the sample, the stability of the instrument and the availability of standards? Can it be modelled? • Which are the aspects that must be taken into account in the specific application field? Which balance between analysis time or amount of sample and data uncertainty should I choose?
The final test of the course is also based in an article with the same questions included on the previous forms making the evaluation and the teaching with coherence an agreement.
The set of articles for the flipped classroom activity are periodically updated among those published on the Science Citation Index field Journals. Some old articles are also maintained because they constitute good supports to fix basic ideas that might become diluted in more recent articles, due to new research developments or applications. A good example is the article about semiconductors energy calibration of Longoria and Benitez [14] .
The results of this teaching strategy are evaluated by means of a survey conducted by the University. The results indicate the satisfaction of students with the contents and dynamic of the course. However, they also clearly highlight that the effort required for this type of approach is much larger than the effort that they expected regarding the number of ECTS quoted for the course. Teachers agree with this opinion and therefore, a balanced situation between the efforts required in this course and in the other courses of the Master's degree needs to be achieved.
Case study applied to the whole activity determination process ( 40 K activity determination in bananas)
The second strategy presented in this article is the development of a case study, such as the 40 K determination in bananas. This strategy allows the teaching of almost all concepts included on the radioanalytical course, together with the decision process related to the experimental design and its practical implementation. This makes the student learn about the different types of radioactivity disintegration and their fundamentals; the interaction of beta and gamma emitters with matter and the detectors used in each case. Additionally, this course dynamic makes it also necessary to think about the importance of background and its stability, the detection limit, the minimum amount of sample required or the detection efficiency calibration and the influence of the energy, geometry or matrix in this parameter.
The use of bananas is also interesting because it is a familiar product for students. This characteristic helps introducing radioactivity as part of everyday life [15, 16] . Bananas are a "legitimate radioactive material" and are even used as an informal unit "Banana Equivalent Dose (BED)" to provide a relative scale of the radioactivity concentration and contribution to the radiation dose [17, 18] .
Also, the different ways of 40 K disintegrations, mainly beta and gamma, allows to cover a considerable range of the course curriculum and allows different strategies for its measurement [19] .
Bananas are a good example, but there are other natural food products that could be used with a similar development [20] .
In addition, a complementary determination of total potassium by atomic emission spectroscopy could be useful to point out the similarities and singularities of liquid scintillation or high resolution gamma spectrometry with regard to the other optical techniques.
The case study strategy proposed can be implemented as part of a radioanalytical course, whenever the structure of the course allows it, or as content of any experimental course in the chemistry degree. The experiment presented here has been developed as part of a Bachelor's thesis work. This course has a duration of 12 ECTS and includes between 6 and 8 weeks of experimental part-time work.
The objective of the course is the design and implementation of the proposed determination. The steps followed include bibliographic research, total potassium determination by atomic emission spectroscopy, determination of the bananas amount required depending on the detection technique used (gamma spectrometry and liquid scintillation), sample pre-treatment, sample measurement preparation, calibration of instruments, data treatment and report delivery.
Potassium is a widespread element with a radioactive isotope 40 K in a defined proportion of 0.0117%. 40 K disintegrates emitting a beta particle, with an E max of 1.3 MeV and a probability of 89.25%; and gamma radiation, after an electron capture process, with an energy of 1.4 MeV and a probability of 10.75% [19] . The residual probability corresponds to a positron emission of 0.48 MeV (Fig. 1) .
As said previously, this disintegration scheme opens the possibility of 40 K activity determination in bananas following two ways: beta determination by LSC or gamma determination by HRGS.
Also, this work explores the capability of a simple GMC to determine the 40 K activity in bananas as a low instrumental cost procedure for demonstration experiments, in scenarios with limited instrumentation, such as, high schools.
Thus, the experimental scheme of this study includes (Fig. 2 ):
• Sample pretreatment and ash content determination of bananas • Total K determination by atomic emission spectrometry • 40 K activity determination by LSC (from banana ashes) • 40 K activity determination by HRGS (from banana crush and ashes) • 40 K activity determination by GM (from banana crush and ashes)
Sample treatment and ash content determination
Bananas from Plátano de Canarias brand where used in this experiment. The sample pre-treatment had two objectives: to homogenise the raw sample used and to reduce their volume and matrix effect. The sample homogenization includes the crushing of the edible parts of the banana. This mass was used for direct determination by HRGS and GMC.
For reducing the volume, and matrix effects, the crushed banana mass was placed in porcelain capsules, carbonized, and later ashed by slowly increasing the temperature in an oven, up to a maximum value of 500 °C. This process takes several hours.
The ashes content determined was 1.04% (0.03) ( Table 1) . Finally, the ashes were dissolved using acid as the starting point for total K and 40 K determination by AES and LSC respectively.
Total K determination by AES
Total potassium is determined from the solution of ashes using AES. This is an optical technique where the radiation emission is produced by the analyte (K), excited with the flame heat, and the intensity of the signal is proportional to the concentration of the analyte. Attenuation of the signal depends on the composition of the matrix and it is constant if matrix of samples and standards are the same. The main difference with Liquid Scintillation is that, in AES, emission is produced after a thermal excitation; whereas in LSC emission is spontaneous as consequence of the nuclear instability. Total K concentration was determined according to the procedure described in the experimental section. Calibration was done by external standard mode with a series of standards included in the lineal range of the technique (10-80 ppm) with the same acid:water matrix than those present in the samples. A blank was prepared with the same matrix but without potassium.
Following this procedure, total K concentration found was 496 mg/100 g banana ( Table 2) in agreement with the content usually found.
K activity determination by LSC (from banana ashes)
First, the determination of 40 K activity was performed based on the beta emission by LSC using the solution obtained from the acid dissolution of the ashes. Counting vials were prepared mixing sample solution and scintillation cocktail as described in the experimental section. Calibration was performed by an external standard calibration using a series of standards with variable concentration of a chemical quenching agent (HNO 3 ), because it is the same agent found in the matrices, and the same proportion of aqueous solution: scintillation cocktail. Blanks are prepared with the same composition of the standard series but without K. Figure 3a shows the spectra obtained for the series of standards.
In spite of the slight shift produced by the quencher, the high energy of the 40 K beta emission makes the detection efficiency remain constant when it is plotted against the SQP(E) (Fig. 3b ). Therefore, a constant detection efficiency for 40 K of 90.2(0.8)% was selected.
By using this calibration, the samples measured show an activity of 13.3 (0.3) Bq 40 K for 100 g banana. Based on this value and the constant relationship between 40 K/K total, the total content of K in the bananas can be calculated as 421 (9) mg for 100 g banana (Table 3) . This parameter will be used for comparison purposes.
K activity determination by HRGS (from banana crush and ashes)
Next, the determination of 40 K content was based on its gamma emission by using HRGS. In this case, two matrices have been considered: crush and ashes.
Calibration was done by standard addition, preparing a homogeneous mixture of crushed banana with a known amount of KCl, obtaining with its measurement the detection efficiency of the system.
For each matrix, the appropriate geometry, two plastic cylinders of different volume, was selected. This geometry was the same for sample and standard in order to maintain constant the geometrical parameters in the calibration process ( Fig. 4) . Fig. 3 a Net count rate spectra for the 40 K standards with different content of nitric acid and b detection efficiency obtained for the 40 K standards with different nitric acid content as a function of the SQP(E) value In the case of the crush matrix, the spectra obtained for crushed banana without and with KCl are shown in Fig. 5 . The signals at 1460.75 keV corresponding to the 40 K but also the signal at 511 MeV corresponding to the positron annihilation, another interesting fact that can be used in the radiochemistry teaching can be clearly observed.
The detection efficiencies for crushed and ashed bananas are 0.44% and 1.75% respectively. The decrease in the value is a consequence of the geometrical factor (solid angle reduction) that relates the positions where the isotropic emission of the gamma radiation is produced and the location of the detector crystal. This geometrical factor, together with the attenuation of each matrix considered and the energy of the gamma emission, are the issues that force to the specific calibration of each set of conditions in HRGS and a good example to teach this necessity to the students.
The 40 K activities for crushed and ashed bananas were 18.05 and 15.04 Bq for 100 g bananas respectively, whereas the Total K concentration derived from these values are 570.0 and 475.1 mg K −1 for 100 g bananas ( Table 4 ). The difference between these values can be related to the influence of errors on the detection efficiency determination.
Small variations in the efficiency may produce large changes on the final activity as consequence of relatively important variation of this multiplicative factor.
K activity determination by GMC (from banana crush and ashes)
Most part of the instruments used for radioactivity determination are only available in analytical laboratories working on this field. In order to expand the possibility to perform demonstrative experiments related to radioactive determination, the capability of a GMC for 40 K activity analysis has been evaluated. To do that, the same sample and standards used in the HRGS were used.
In this case, as it happened with HRGS, geometrical relation between sample and detector, is a key factor. For this determination, the sample was located on the center of the detection surface of the GMC (Fig. 6 ) and both matrices, crushed and ashed bananas, were analyzed.
In the case where crushed bananas was analysed, no difference between the signals of sample and standard was found. Therefore, no detection efficiency was established showing that in these conditions the determination was not possible.
For the ashed matrix, the difference was very low but a detection efficiency of 10.46% can be established. It is clear again the influence of the geometry and the matrix, especially for this type of detector that is not designed for such type of determinations.
Nevertheless, the 40 K activity determined for the ashed bananas is 11.8 Bq for 100 g bananas and the deduced K total concentration is 374 mg K for 100 g bananas. This value was lower than those obtained with the specific techniques presented above but it is not far from the probable values and it demonstrates that this simple set up could be useful for introductory experiences to radioactivity determination. Table 5 summarizes the results obtained with the different techniques for the two matrices considered. As the 40 K activity in bananas is unknown, the comparison can be done on base of the Total K concentration deduced from each activity value using, as reference, the concentration obtained by AES 496 mg K for 100 g. The average of the values obtained by the three main determinations LSC (ashes), HRGS (crushed) and HGRS (ashes) yields a concentration of 486.7 mg K for 100 g sample, very close to the obtained by AES. The dispersion obtained can be related to the factors that influence the detection efficiency determination on each technique: quenching correction, in LSC; and geometrical factors for the two matrices, in HRGS. The use of KCl as 40 K standard source and the way of ashing standards could also have some influnece (both determinations of ashes provide the lower values).
General discussion
Also, the experience of the Bachelor's thesis student, shows that this determination sequence can be a challenging and a motivating case with positive learning results of the different radiochemical techniques.
Finally, GM ashes determination also provides a low value (the lower of the series) but "only" 25% lower than the reference value. This result encourages the use of this simple approach for demonstrative experiments.
Conclusions
Two active teaching strategies experiences for introducing analytical techniques are presented.
Flipped classroom, for teaching radioanalytical techniques, facilitates the learning of the basics knowledge on common sequence for any activity determination, emphasizing on those aspects critical for a good result such as calibration, and the factors that have influence on each case, taking into account the nature of radiation and sample matrix.
Flipped classroom also allows, by selecting the appropriate articles, to combine the newest advances on research concerning the different application fields with the milestones on the development of the different techniques. All together, it leads to the improvement of students' knowledge on radioanalytical techniques and helps on planting a seed for potential interest in the future.
In the same sense, the description of the radioanalytical techniques, based on the already acquired knowledge of optical techniques, makes it easy to locate them in the context of the analytical techniques and may help on approaching their particularities more efficiently.
The use of case study makes the approach to radioanalytical techniques and to the nature of radioactivity much friendlier, especially when a familiar sample such as bananas is used.
In this article the determination of 40 K in bananas by using different techniques related to beta (LSC) and gamma emitters (HRGS) is presented.
The importance of sample pretreatment and calibration, the two key steps for the 40 K determination, is stressed in the procedure developed.
Finally, a low requirement instrumentation procedure, based on the use of GM counter, is described in order to 
